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Introduction {#s0001}
============

Metastatic disease is responsible for over 90% of deaths from solid tumors and is the preeminent challenge in clinical oncology.[@cit0001] Although much remains to be understood about tumor metastasis, in recent years it has become recognized that specific alterations in cellular phenotype represent a major mechanism that contributes to metastatic spread.[@cit0002] Termed EMT, this process involves the progressive loss of epithelial characteristics in favor of acquiring mesenchymal features that facilitate tumor cell motility and invasiveness.[@cit0003] Furthermore, EMT has been associated with the resistance to multiple therapeutic modalities, including radiation, chemotherapy, and certain targeted inhibitors,[@cit0004] and may ultimately lead to relapse with treatment-resistant disease.[@cit0006]

The T-box transcription factor brachyury (gene name *T*) is an important regulator of EMT during vertebrate development[@cit0007] that is absent from the majority of normal adult tissues, but becomes overexpressed in a wide variety of carcinomas,[@cit0008] as well as in chordomas[@cit0015] and hemangioblastomas.[@cit0019] Similar to its role in development, brachyury was found to regulate tumor cell plasticity, induce features of EMT resulting in enhanced metastatic properties,[@cit0008] and confer resistance to chemotherapy and radiation.[@cit0021] Furthermore, brachyury expression is associated with poor prognosis in breast,[@cit0011] lung,[@cit0014] prostate,[@cit0013] and colon cancer.[@cit0023]

Given its pathophysiological significance and cancer-specific expression profile, brachyury is now being exploited as a novel target for two different cancer vaccine platforms designed to elicit T cell-based adaptive immune responses against patient tumors.[@cit0024] However, whereas low levels of brachyury expression enable the recognition and killing of tumor cells by brachyury-specific cytotoxic T lymphocytes (CTLs), very high expression of brachyury was recently found to desensitize tumor cells to killing by both antigen-specific CTLs and innate immune effector cells.[@cit0026] This resistance was found to be the result of an intrinsic defect in caspase-dependent apoptotic processes only, as these cells remained sensitive to caspase-independent killing by the perforin/granzyme pathway. In light of our recent study, we sought to identify mediators of resistance that could be targeted to sensitize brachyury-high tumor cells to immune attack.

Mucin 1 (MUC1) is a transmembrane glycoprotein that is expressed by normal epithelial cells, but it becomes overexpressed and aberrantly glycosylated in the majority of carcinomas.[@cit0027] Structurally, MUC1 is a heterodimer composed of an N-terminal extracellular subunit (MUC1-N) and a C-terminal transmembrane cytoplasmic subunit (MUC1-C). Extensive studies have demonstrated that MUC1-C can promote cancer progression by enhancing pro-oncogenic signaling,[@cit0027] inducing EMT,[@cit0030] increasing stem cell characteristics,[@cit0032] and augmenting resistance to genotoxic anticancer agents.[@cit0035] In this study, we report a novel positive association between brachyury and MUC1 in both cell lines and tumor tissues. We further demonstrate that silencing MUC1 sensitized brachyury-expressing tumor cells to killing by TRAIL and to lysis by natural killer (NK) cells by improving mitochondrial apoptosis. These studies confirm that MUC1 is a mediator of brachyury-induced therapy resistance that can be targeted to restore the susceptibility of mesenchymal-like cancer cells to immune attack.

Results {#s0002}
=======

Brachyury enhances MUC1 expression in carcinoma cells {#s0002-0001}
-----------------------------------------------------

Both brachyury[@cit0008] and MUC1[@cit0030] have been reported to play a role in EMT, and both are currently being used as targets for cancer vaccine approaches.[@cit0024] In order to investigate a potential association between brachyury and MUC1 and their relation to EMT, we first characterized the expression of epithelial and mesenchymal markers in various cancer cell line models. In one model, brachyury was overexpressed in the pancreatic PANC-1 cells generating an isogenic cell pair (pCMV vs. pBrach) and two single cell-derived clonal populations of brachyury-expressing cells, designated as pBr cl 1 and cl 2, which exhibited a range of brachyury mRNA and protein expression ([Fig. 1A, B](#f0001){ref-type="fig"}). The second model consisted of two colon cancer cell lines, SW480 and SW620, which were derived from the primary and metastatic sites, respectively, of the same patient.[@cit0038] These cells exhibited different levels of naturally expressed brachyury mRNA and protein ([Fig. 1A, B](#f0001){ref-type="fig"}), and have been previously described as epithelial vs. mesenchymal (SW480 vs. SW620, respectively).[@cit0039] As shown in [Fig. 1](#f0001){ref-type="fig"}, control PANC-1 cells co-expressed epithelial E-cadherin and mesenchymal vimentin, which is associated with an intermediate phenotype.[@cit0040] Brachyury overexpression was able to drive PANC-1 cells toward the mesenchymal phenotype, as manifested by the reduction of E-cadherin and increase of vimentin, a phenomenon correlated to brachyury expression levels. In the colon cancer model, the primary tumor-derived SW480 cells exhibited low levels of brachyury expression, whereas the metastasis-derived SW620 cells appeared to exhibit an intermediate phenotype with significantly higher levels of brachyury, vimentin, and E-cadherin. These observations indicate that high levels of brachyury in tumor cells associate with a gain of mesenchymal traits consistent with EMT. Figure 1.EMT marker profiling of PANC-1 and SW480/620 cell lines. (A) qRT-PCR analysis of EMT marker transcript expression from the PANC-1 (top) and SW480/620 (bottom) cell lines. Graphs depict the mean±SD from one representative experiment performed in triplicate. \**p* \< 0.05 compared to the PANC-1 pCMV (top) or SW480 (bottom) cell line. (B) Immunoblot images of EMT marker protein expression from the PANC-1 (left) and SW480/620 (right) cell lines. Numbers represent the ratio of the respective protein compared to actin.

To determine whether there was an association between brachyury and MUC1, we assessed MUC1 expression by quantitative PCR ([Fig. 2A](#f0002){ref-type="fig"}), flow cytometry ([Fig. 2B](#f0002){ref-type="fig"}), and immunoblot ([Fig. 2C](#f0002){ref-type="fig"}), and observed significant upregulation in both the PANC-1 brachyury-overexpressing cells and the SW620 cells. In agreement, immunofluorescence of the PANC-1 cells also revealed enhanced MUC1 expression in the brachyury overexpressing cells ([Fig. 2D](#f0002){ref-type="fig"}). Similar results at the mRNA and protein levels were obtained using other stable brachyury-overexpressing (ONYCAP23 and SW480) and brachyury-silenced (H460) cell line pairs (Fig. S1). In order to investigate whether brachyury and MUC1 could directly interact in tumor cells, immunoprecipitation was conducted with both anti-brachyury and anti-MUC1-C-specific monoclonal antibodies. With both systems, we were unable to detect an interaction between brachyury and MUC1 in the PANC-1 pBr cl 2 cells. Figure 2.Association of brachyury and MUC1 expression in cancer cell lines. (A) qRT-PCR analysis of MUC1 transcript expression from the PANC-1 (left) and SW480/620 (right) cell lines. \**p* \< 0.05 compared to the PANC-1 pCMV (left) or SW480 (right) cell line. (B) Flow cytometry analysis of MUC1 cell surface expression from the PANC-1 (left) and SW480/620 (right) cell lines. (C) Immunoblot analysis of MUC1-C expression from the PANC-1 (left) and SW480/620 (right) cell lines. Numbers represent the ratio of the MUC1 glycosylated protein (20--25 kDa) compared to actin. (D) Immunofluorescence staining of brachyury and MUC1-C in the PANC-1 cells. DAPI staining (inset) was used to visualize nuclei. Images were acquired at 200X. (E) qRT-PCR analysis of MUC1 transcript expression from the PANC-1 cell lines treated with actinomycin D (5 μg/mL) for the indicated time points. *MUC1* levels were normalized to *GAPDH* expression. Graphs depict the mean±SD from one representative experiment performed in triplicate.

Since our data demonstrated a positive association between brachyury and MUC1 expression, we next turned our attention to elucidating the mechanism of regulation. The analysis of the *MUC1* gene promoter failed to identify any canonical brachyury binding site(s) and no significant changes were observed regarding its activity among the various cell lines (not shown). These results led us to analyze the posttranscriptional regulation of *MUC1* mRNA, which revealed a marked enhancement in transcript stability in the brachyury-overexpressing PANC-1 cells ([Fig. 2E](#f0002){ref-type="fig"}). This effect was specific for the *MUC1* transcript, as measurement of the unrelated transcript *TJP1* (encoding the protein ZO-1) revealed no differences in either its level of expression or stability (Fig. S2A, B). Since transcript stability can be regulated by micro-RNAs (miRNAs), three different miRNAs previously shown to bind and regulate the *MUC1* transcript were evaluated (miR-125b,[@cit0042] miR-145,[@cit0043] and miR-1226[@cit0044]), however, none of them showed a consistent downregulation in the PANC-1 cell lines (Fig. S2C). Taken together, these data indicate that brachyury overexpression enhances *MUC1* transcript stability, though the involved mechanism remains unknown.

Brachyury and MUC1 are positively associated in patient tumor samples {#s0002-0002}
---------------------------------------------------------------------

The upregulation of MUC1 by brachyury *in vitro* suggested that a positive association might also exist *in vivo*. In order to evaluate this possibility, we assessed the expression of both proteins in colon cancer liver metastasis samples from three separate patients. As shown in [Fig. 3A](#f0003){ref-type="fig"}, a positive association was observed in which the highest MUC1 expression (detected with a MUC1-C-specific antibody) occurred in the tumor that had the highest brachyury expression ([Fig. 3A](#f0003){ref-type="fig"}, tumor 1). In order to extend these observations to other tumor types, we assessed a larger panel of 36 lung tumors of diverse histological subtypes. As shown in [Fig. 3B](#f0003){ref-type="fig"}, four patterns of expression were observed; double negative, brachyury positive, MUC1 positive, and double positive. Similar to the colon cancer samples, the majority (76%) of the lung tumor samples were either double negative (28%) or double positive (47%) for brachyury and MUC1 expression, suggesting that these proteins are positively associated *in vivo* ([Fig. 3C](#f0003){ref-type="fig"}). Figure 3.Association of brachyury and MUC1 expression in patient tumor samples. (A) Immunohistochemistry images of colon carcinoma liver metastasis tumor samples stained for brachyury or MUC1-C, respectively. (B) Representative immunohistochemistry images of lung carcinoma tumor samples stained for brachyury or MUC1-C, respectively, for each of the 4 expression categories as described in the text. Images were acquired at 100X. (C) Quantification of the lung carcinoma tumor samples in each of the four expression categories by histological subtype.

Inhibition of MUC1 overcomes TRAIL-resistance in brachyury-overexpressing cells {#s0002-0003}
-------------------------------------------------------------------------------

Our previous investigations demonstrated that brachyury protects tumor cells from the cytotoxic effects of multiple agents, including radiation, chemotherapy, and apoptosis-inducing ligands such as TRAIL.[@cit0011] In agreement, we observed enhanced resistance to TRAIL in the PANC-1 single-cell clones that overexpress high levels of brachyury (pBr cl 1 and 2, [Fig. 4A](#f0004){ref-type="fig"}). To determine whether MUC1 could play a functional role in this enhanced resistance to TRAIL, expression of brachyury or MUC1 were reduced either alone or in combination using siRNA-based knockdown of pBr cl 2 ([Fig. 4B](#f0004){ref-type="fig"}), and then assessed their sensitivity to TRAIL ([Fig. 4C](#f0004){ref-type="fig"}). Comparison of each cell line at all dose levels revealed that the control siRNA-treated pBr cl 2 cells were only 32.5 ± 5.2% as sensitive to TRAIL as the parental pCMV cells, and that knockdown of brachyury nearly doubled the sensitivity of these cells to 58.4 ± 2.8% as expected ([Fig. 4D](#f0004){ref-type="fig"}). However, knockdown of MUC1 also enhanced sensitivity to a comparable 62.0 ± 2.4%, and combination-knockdown enhanced sensitivity to a significantly greater degree than either single-knockdown (75.0 ± 1.9%, *p* \< 0.05, [Fig. 4D](#f0004){ref-type="fig"}). These results indicate that inhibition of MUC1, either alone or in combination with brachyury inhibition, can reconstitute the killing of TRAIL-resistant brachyury-overexpressing cells. Figure 4.MUC1 knockdown reconstitutes TRAIL-mediated killing of brachyury-overexpressing cells. (A) Viability of the PANC-1 cell lines treated with TRAIL (1000 ng/mL, 24 h). \**p* \< 0.05 compared to the pCMV cell line. (B) qRT-PCR analysis of transcript levels in pBr cl 2 cells treated with the indicated siRNAs for 72 h. (C) TRAIL-mediated killing of siRNA-treated pCMV and pBr cl 2 cells. (D) Analysis of TRAIL cytotoxicity. Percent maximum killing is the cytotoxicity for the siRNA-treated cell line at each dose relative to the cytotoxicity for the control pCMV cells at each matched dose. Graphs for viability assays depict the mean±SD from one representative experiment performed in triplicate, and graphs for % maximum killing depict the mean±SE. \**p* \< 0.05 compared to the control siRNA-treated cell line.

Inhibition of MUC1 improves TRAIL-sensitivity by reducing mitochondrial integrity in brachyury-overexpressing cells {#s0002-0004}
-------------------------------------------------------------------------------------------------------------------

In order to understand the mechanism involved in the reconstitution of TRAIL killing by MUC1 knockdown in brachyury-expressing cells, we first investigated the cleavage of lamin B1, a nuclear lamin protein that we previously found to be inefficiently cleaved in brachyury-expressing cells.[@cit0026] In agreement with our previous work, improved cleavage of the full-length 66 kDa lamin B1 in response to TRAIL was observed in the brachyury silenced cells versus the control pBr cl 2 cells ([Fig. 5A](#f0005){ref-type="fig"}). However, no improvement of lamin B1 cleavage was observed in the MUC1 knockdown cells ([Fig. 5A](#f0005){ref-type="fig"}), implying that MUC1 does not cooperate with brachyury in protecting against nuclear degradation in response to apoptotic stimuli. Figure 5.MUC1 knockdown reconstitutes TRAIL-mediated killing by reducing mitochondrial integrity. (A) Immunoblot of lamin B1 cleavage from siRNA-treated PANC-1 pBr cl 2 cells treated with TRAIL (500 ng/mL) for the indicated time points. (B) Immunoblot of caspase-3 cleavage from siRNA-treated PANC-1 pBr cl 2 cells treated with TRAIL (500 ng/mL) for the indicated time points. (C) Immunoblot of caspase-8 cleavage from siRNA-treated PANC-1 pBr cl 2 cells treated with TRAIL (500 ng/mL) for the indicated time points. All numbers represent the ratio of the respective full-length protein compared to actin and then normalized to the control 0 h treatment. (D) Flow cytometry analysis of JC-1 fluorescence from the siRNA-treated PANC-1 pBr cl 2 cells treated with TRAIL (500 ng/mL, 2 h). The top gate represents the ΔΨ~m~^hi^ population and the bottom gate represents the ΔΨ~m~^low^ population.

Since MUC1 has been shown to attenuate the cleavage of both the effector caspase-3^35^ and the initiator caspase-8^45^ in response to apoptotic stimuli, we next assessed the cleavage of these caspases in response to treatment with TRAIL. As shown in [Fig. 5B](#f0005){ref-type="fig"}, treatment of the siRNA-treated cells with TRAIL resulted in the cleavage of the 35 kDa procaspase-3 into the active 17 kDa and 12 kDa fragments, but no substantial differences in the production of these fragments were observed in any of the siRNA-treated cells. TRAIL treatment also resulted in the cleavage of the 55 kDa procaspase-8 into several smaller fragments, including the active 18 kDa fragment. However, as with caspase-3, no substantial differences in the production of these fragments were observed in any of the siRNA-treated cells ([Fig. 5C](#f0005){ref-type="fig"}). These data imply that the cleavage of these caspases is not affected by MUC1 in brachyury-overexpressing cells.

TRAIL and other apoptotic agents cause mitochondrial permeabilization that induces a loss of mitochondrial transmembrane potential (ΔΨ~m~) and the release of pro-apoptotic mitochondrial-resident proteins.[@cit0046] Since MUC1 has been shown to prevent mitochondrial permeabilization in response to apoptotic stimuli,[@cit0035] we analyzed the mitochondrial integrity of the siRNA-treated cells by flow cytometry using JC-1. This fluorescent dye selectively enters mitochondria and reversibly changes color from red to green as ΔΨ~m~ decreases.[@cit0047] We found that exposure to TRAIL (500 ng/mL, 2 h) did not induce a population shift from the top gate (ΔΨ~m~^hi^) to the bottom gate (ΔΨ~m~^low^) in the control- or Br-siRNA-treated cells ([Fig. 5D](#f0005){ref-type="fig"}), indicating that these cells were resistant to mitochondrial depolarization. In contrast, MUC1-siRNA treated cells did exhibit a pronounced population shift, with the ΔΨ~m~^hi^ population decreasing by 44% and the ΔΨ~m~^low^ population increasing by 32% ([Fig. 5D](#f0005){ref-type="fig"}). Similar effects were observed at various time points and with even lower doses of TRAIL (Table S1). Altogether, our results suggest that inhibition of MUC1 reconstitutes TRAIL killing by enhancing mitochondrial-mediated apoptosis.

Inhibition of MUC1 overcomes resistance to killing by NK cells {#s0002-0005}
--------------------------------------------------------------

We have previously shown that brachyury-expressing cells are more resistant to lysis by immune effector cells, including NK cells.[@cit0026] In agreement, brachyury-overexpressing PANC-1 cells were found to be more resistant to killing by NK cells ([Fig. 6A](#f0006){ref-type="fig"}). Next, we sought to overcome this resistance through siRNA-mediated knockdown of brachyury and MUC1, either alone or in combination, in pBr cl 1 and cl 2 cells ([Fig. 6B](#f0006){ref-type="fig"}). We observed that pBr cl 1 cells were only 55.0 ± 8.5% as susceptible to NK killing relative to control pCMV cells, and brachyury knockdown enhanced killing to 67.8 ± 7.7%. MUC1 knockdown fully reconstituted NK killing to 109.6 ± 6.8%, and combination knockdown did not lead to any further enhancement beyond MUC1 single knockdown (103 ± 4.5%, [Fig. 6C-D](#f0006){ref-type="fig"}, top). For the pBr cl 2 cells, we observed that these cells were only 37.9 ± 2.9% as susceptible to NK killing relative to control pCMV cells, and brachyury and MUC1 knockdown partially reconstituted NK killing to 42.4 ± 6.6% and 71.5 ± 6.2%, respectively ([Fig. 6C-D](#f0006){ref-type="fig"}, bottom). However, combination knockdown elicited full reconstitution of killing in the pBr cl 2 cells (100.1 ± 8.9%, [Fig. 6C**-**D](#f0006){ref-type="fig"}, bottom). Figure 6.MUC1 knockdown reconstitutes NK-mediated lysis of brachyury-overexpressing cells. (A) NK-mediated lysis of the PANC-1 cell lines. E:T ratio = 25:1. \**p* \< 0.05 compared to the pCMV cell line. (B) qRT-PCR of brachyury and MUC1 transcript levels in pBr cl 1 and 2 cells treated with the indicated siRNAs for 72 h. (C) NK-mediated lysis of pCMV cells compared to siRNA-treated pBr cl 1 (top) or pBr cl 2 (bottom) cells. (D) Analysis of NK killing for the siRNA-treated pBr cl 1 (top) and pBr cl 2 (bottom) cells. Percent maximum killing is the killing for the siRNA-treated cell line at each E:T ratio relative to the killing for the control pCMV cells at each matched E:T ratio. \**p* \< 0.05 compared to the control siRNA-treated cell line. (E) NK-mediated lysis of siRNA-treated pBr cl 2 cells using NKs pretreated with or without CMA. Graphs for cytotoxicity assays depict the mean±SD from one representative experiment performed in triplicate, and graphs for % maximum killing depict the mean±SE.

Our previous investigation reported that brachyury protects against caspase-dependent mechanisms of immune killing, but does not protect against lysis by the caspase-independent perforin/granzyme pathway.[@cit0026] This may explain our result in [Fig. 6C](#f0006){ref-type="fig"}, as brachyury knockdown would not be expected to enhance killing if the NK cells killed primarily by the perforin/granzyme pathway. In order to determine whether MUC1 knockdown can enhance this mechanism of killing, an NK killing assay that used concanamycin A (CMA) to block the perforin-based cytotoxic activity of the NK cells was performed.[@cit0048] Once again, knockdown of MUC1 in the pBr cl 2 cells enhanced NK-mediated cytotoxicity compared to the knockdown control cells (average 200 ± 41.7% across all E:T ratios), and this enhancement was almost completely abolished by inhibiting the perforin/granzyme pathway with CMA ([Fig. 6E](#f0006){ref-type="fig"}). These results indicate that MUC1 knockdown is also capable of enhancing the cytotoxicity of perforin-based death mechanisms.

Discussion {#s0003}
==========

Cancer treatment is being revolutionized by the successful development and implementation of immunotherapy-based approaches that have led to substantial clinical responses. However, as with conventional and targeted therapies, intrinsic or acquired resistance to immunotherapy could emerge as a barrier to the expansion of these approaches to a wider array of patients. Given its prominent role in cancer progression, EMT is now being targeted as a means of simultaneously mitigating metastatic dissemination and treatment insensitivity. We have previously demonstrated a role for brachyury, an EMT-inducing transcription factor, in promoting the resistance of tumor cells to killing by innate and adaptive immune cells. Now, we have expanded upon those findings by implicating MUC1 as one mediator of brachyury-associated immunoresistance. Our results indicate that inhibiting MUC1 may be an attractive strategy to overcome intrinsic tumor immunoresistance driven by brachyury-mediated EMT.

MUC1 was originally identified as an epithelial protein that lubricates and protects epithelial cell surfaces.[@cit0027] However, it becomes aberrantly overexpressed in carcinoma cells where it induces transformation and transmits growth and survival signals.[@cit0027] MUC1 was also originally shown to be repressed during EMT,[@cit0049] but subsequent reports have revealed that overexpression of the MUC1-C subunit in tumor cells plays a role in actually inducing EMT.[@cit0030] In support of these prior observations, we found that MUC1-C was elevated in a variety of tumor cell lines undergoing brachyury-induced EMT. Our results are reminiscent of a similar report in which another EMT transcription factor, Snail, was also found to upregulate MUC1 in renal carcinoma cells.[@cit0050]

We were surprised to find that brachyury did not regulate the transcription of the *MUC1* gene, but rather associated with increased *MUC1* mRNA stability. We hypothesized that brachyury may downregulate a *MUC1*-targeting miRNA that would lead to more stable *MUC1* transcripts; however, we failed to identify a decrease in any of three reported MUC1-targeting miRNAs. It is possible that other miRNAs target the *MUC1* transcript, so further investigation will be needed to elucidate the complete mechanism of *MUC1* transcript regulation by brachyury. While we have clearly observed that overexpression of brachyury results in increased MUC1 expression in the context of MUC1 mRNA stabilization, transient siRNA-based targeting of brachyury (as shown in [Figs. 4 and 6](#f0004 f0005 f0006){ref-type="fig"}) did not result in decreased MUC1 levels. While these results could be due to the transient character of the knockdown experiments, it is possible that brachyury upregulation is sufficient for the initiation of MUC1 upregulation but not required for its sustained expression. In this scenario, we hypothesize that once MUC1 is upregulated in tumor cells undergoing EMT via high levels of brachyury, additional signaling events may come into place to sustain MUC1 expression regardless of brachyury expression. These potential regulatory mechanisms will be evaluated in future studies.

Our data reveals that MUC1 plays a functional role in enhancing the resistance of brachyury-overexpressing cells to immune death mechanisms. MUC1 was previously shown to attenuate TRAIL-mediated cell death by preventing the cleavage and activation of caspase-8,[@cit0045] yet we did not observe any changes in caspase-8 cleavage in our study. However, another key survival role for MUC1 has been described at the level of mitochondrial apoptosis. Under normal circumstances, an apoptotic stimulus activates a cascade of events that ultimately leads to the formation of pores in the outer mitochondrial membrane,[@cit0046] which causes a loss of transmembrane potential, disruption of oxidative metabolism, and the release of mitochondrial-resident apoptogenic proteins that further spread and affect the apoptotic signal.[@cit0046] MUC1 was shown to attenuate these responses by inhibiting the dimerization of the pore-forming protein BAX, thereby maintaining mitochondrial integrity.[@cit0036] In agreement, we found that only MUC1 knockdown enhanced the loss of mitochondrial transmembrane potential in response to TRAIL. These results indicate that whereas brachyury blocks nuclear apoptosis by preventing the CDK1-dependent degradation of nuclear lamins,[@cit0026] MUC1 blocks mitochondrial apoptosis by preventing mitochondrial permeabilization. A fundamental difference in these cell death pathways appears to be the requirement for caspase activation, as inhibition of MUC1, but not brachyury, was able to enhance caspase-independent cell death mediated by perforin/granzymes. The enhancement of perforin/granzyme killing by MUC1 knockdown may be due to enhanced mitochondrial release of proteins such as endonuclease G and apoptosis-inducing factor (AIF) which induce chromatinolysis in a caspase-independent manner.[@cit0051] Nevertheless, these death pathways appear to complement one another, as combination brachyury and MUC1 knockdown led to a greater reconstitution of killing by both TRAIL and NK cells for the highest brachyury-overexpressing clone.

Our findings demonstrate a positive association between brachyury and MUC1 in patient tumors from various carcinoma subtypes. Although a larger set of samples needs to be evaluated, the existence of this association in various tumor types suggests that the high MUC1 expression associated with brachyury-high tumors might be clinically relevant. MUC1 has been evaluated as a target for vaccine therapy of a range of human tumors, including the use of polypeptides or vector-based vaccines encoding for full-length MUC1.[@cit0053] Recent studies have shown that alterations in the amino acid sequence of putative T cell epitopes of MUC-1, particularly those in the C-terminal region, result in the generation of enhancer agonist epitope(s) that, in turn, lead to enhanced T cell activation, greater cytokine production and improved lysis of MUC1-positive tumor cells.[@cit0057] The use of these agonist epitopes in various vaccine modalities could thus greatly enhance the efficacy of MUC1-based immune interventions. Regarding brachyury, the feasibility of targeting this EMT transcription factor via vaccination has recently been demonstrated in Phase I clinical trials.[@cit0024] Currently, two vaccine platforms targeting brachyury are undergoing clinical development; the first is a heat-killed recombinant yeast that expresses full-length human brachyury protein (GI-6301),[@cit0024] and the second is a modified vaccinia Ankara (MVA) poxviral vector encoding human brachyury and a triad of costimulatory molecules (B7.1, ICAM-1, LFA-3, designated TRICOM).[@cit0025] The results from the present study demonstrating co-expression of brachyury and MUC1 in human tumors provide rationale for future combinations of cancer vaccines targeting both tumor antigens, which is predicted to be therapeutically advantageous over the use of a vaccine targeting a single antigen.

It is known, however, that EMT in general,[@cit0026] and brachyury-induced EMT in particular,[@cit0026] may promote immunoresistance. The results presented here further support this notion, and provide a justification for a therapeutic strategy combining brachyury-targeting vaccines with inhibition of MUC1 in order to render the tumor cells more amenable to immune destruction. A promising MUC1 inhibitor is termed GO-203, which is a cell-penetrating peptide decoy that binds to the juxtamembrane region of MUC1-C thereby preventing dimerization and associated oncogenic signaling.[@cit0062] GO-203 has been shown not only to induce tumor regression in numerous preclinical studies,[@cit0029] but also to block MUC1-C interaction with BAX[@cit0036] thereby permitting mitochondrial apoptosis. Furthermore, a phase I clinical trial with GO-203 was completed in 2013, and a next generation polymeric nanoparticle-encapsulated GO-203 formulation has been shown in preclinical models to be more effective than the naked peptide at equivalent doses and less frequent dosing.[@cit0064]

In summary, we report for the first time a novel positive association *in vitro* and *in vivo* between the EMT-inducing transcription factor brachyury and the oncogenic protein MUC1, thus providing rationale for future combinations of brachyury- and MUC1-targeting anticancer vaccine approaches. We have also demonstrated that this relationship has significant pathophysiological consequences that serve to protect tumor cells from immune-mediated cytotoxicity, indicating that MUC1 inhibition could be used to enhance the effectiveness of antitumor immune responses generated by cancer immunotherapy.

Materials and methods {#s0004}
=====================

Cell culture {#s0004-0001}
------------

The following human carcinoma cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA): pancreatic PANC-1; colon SW480 and SW620; and lung H460 and cultured in RPMI supplemented with 10% fetal bovine serum. Human prostate ONYCAP23 cells were provided by Onyvax Ltd.[@cit0022] Cell lines were used within 6 months of receiving or authenticated by STR profiling. Cells were stably transfected with an empty pcDNA3.1 vector (Thermo Fisher Scientific, Waltham, MA) or a vector encoding the full-length human brachyury protein (pBrach) using nucleofection (Lonza, Basel, Switzerland), and single-cell clones of the PANC-1 pBrach cell line were established as previously described.[@cit0026] H460 cells were stably transfected with a control or an shRNA vector specific for brachyury as previously described.[@cit0009]

Quantitative real-time PCR {#s0004-0002}
--------------------------

Total RNA was prepared using the PureLink RNA Mini Kit (Thermo Fisher Scientific) and reverse transcribed with the XLAScript cDNA MasterMix (WordWide Life Sciences, Hamilton, NJ). The resulting cDNA (10ng) was amplified in triplicate with the following TaqMan human gene expression assays (Thermo Fisher Scientific) *T* (brachyury) (Hs00610080_m1), *CDH1* (Hs01013959_m1), *VIM* (Hs00958116_m1), *MUC1* (Hs00904314_g1), *TJP1* (Hs01551861_m1), *GAPDH* (4326317E). Expression of each target gene relative to GAPDH was calculated as 2^−(Ct(GAPDH)\ --\ Ct(target\ gene)^.

Immunoblot analysis {#s0004-0003}
-------------------

Protein lysates from cell lines were prepared with RIPA lysis buffer (Santa Cruz Biotechnology, Dallas, TX) supplemented with 1 mM phenylmethanesulfonyl fluoride (Sigma-Aldrich, St. Louis, MO). The following primary antibodies were used: brachyury (mAb 54--1);[@cit0065] pan-actin (clone Ab-5, Thermo Fisher Scientific); E-cadherin, vimentin (BD Biosciences, East Rutherford, NJ); MUC1-C (clone CT2, Thermo Fisher Scientific); lamin B1 (Abcam, Cambridge, UK); caspase-3 (Cell Signaling Technology, Danvers, MA), and caspase-8 (AM46, EMD Millipore, Billerica, MA). Membranes were imaged using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE), and blot quantification was performed using ImageJ (NIH, Bethesda, MD).

Immunofluorescence {#s0004-0004}
------------------

Cells cultured on glass coverslips were fixed with 3% paraformaldehyde, permeabilized with 0.05% Triton X-100, and blocked with PBS containing 10% goat serum and 1% BSA. Coverslips were incubated overnight with the following primary antibodies: brachyury 54--1,[@cit0065] and MUC1-C (clone CD2, KeraFast, Boston, MA). Coverslips were then incubated with an AlexaFluor-488-conjugated secondary antibody (Thermo Fisher Scientific), stained with DAPI (Thermo Fisher Scientific), mounted using Fluorogel (Electron Microscopy Sciences, Hatfield, PA), and imaged utilizing a fluorescence microscope (Leica Microsystems, Wetzlar, Germany).

Flow cytometry {#s0004-0005}
--------------

Cells were incubated with FITC-conjugated MUC1 antibody (CD227, BD Biosciences) or isotype control IgG antibody (BD Biosciences) for 40 min at 4°C, washed, and fluorescence was measured using a FACSCalibur cell analyzer (BD Biosciences). Data analysis was performed using FlowJo single cell analysis software (Tree Star, Ashland, OR).

To measure mitochondrial membrane potential, the JC-1 Mitochondrial Membrane Potential Assay Kit (Cayman Chemical, Ann Arbor, MI) was used according to the manufacturer\'s instructions. Briefly, cells were incubated with JC-1 diluted 1:100 in cell culture media for 15 min at 37°C, washed, and fluorescence was measured by flow cytometry as described above.

Immunohistochemistry {#s0004-0006}
--------------------

Lung tumor array LC952 was purchased from US Biomax (Rockville, MD) and metastatic colon tumor samples were purchased from Origene. For brachyury antigen retrieval, tissue sections were immersed in Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA) at 90°C for 20 min and stained with brachyury 54--1 antibody as previously described.[@cit0065] For MUC1 antigen retrieval, tissue sections were immersed in buffer containing 10 mM Tris base, 1 mM EDTA, and 0.05% Tween20 at 100°C for 40 min. Tissue sections were blocked in horse serum (Thermo Fisher Scientific) for 30 min at room temperature and then incubated with primary antibody (MUC1-C clone CD2, KeraFast) diluted in 10% horse serum for 90 min at room temperature. Detection was performed with the ImmPRESS HRP-labeled universal anti-mouse/anti-rabbit peroxidase polymer detection kit (Vector Laboratories) followed by DAB peroxidase substrate (Vector Laboratories) and counterstained with hematoxylin. Staining was assessed for each sample, and samples were scored as negative if focal staining occurred only in a minority (\<10%) of the tumor cells.

RNA interference {#s0004-0007}
----------------

Cells were transfected with ON-TARGETplus SMARTpool siRNA specific for brachyury, MUC1, and a non-targeting control using DharmaFECT two transfection reagent (GE Healthcare, Little Chalfont, UK) according to the manufacturer\'s instructions. Cells were incubated for at least 48 h in antibiotic-free medium prior to use.

Viability assay {#s0004-0008}
---------------

Cells were seeded in triplicate at 5.0 × 10^3^ cells/well in white-walled 96-well plates. Following attachment, cells were treated with various doses of recombinant active multimeric Superkiller TRAIL (Enzo Life Sciences, Farmingdale, NY) and incubated for 16--24 h. Cell survival was assessed using the CellTiter-Glo luminescent viability assay (Promega) according to the manufacturer\'s instructions.

NK killing assay {#s0004-0009}
----------------

Peripheral blood from healthy donors was obtained from the NIH Blood Bank (Bethesda, MD) under the appropriate Institutional Review Board approval and informed consent. NK cells were isolated using human CD56^+^ MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Target cells were labeled with ^111^In oxide and seeded in triplicate at 3.0 × 10^3^ cells/well in 96-well round-bottom culture plates with effector NK cells at various effector-to-target (E:T) ratios. Following 16 h incubation, supernatants were harvested and the release of ^111^In was measured utilizing a gamma counter (PerkinElmer, Waltham, MA). Spontaneous release was determined by incubating the target cells with medium alone, and complete lysis was determined by incubating the target cells with 1% triton X-100 in water. Specific lysis was calculated as follows: % specific lysis = \[(observed release -- spontaneous release) / (complete release -- spontaneous release)\] × 100. To inhibit the function of perforin/granzyme, NK cells were preincubated with 200 nM concanamycin A (CMA, Sigma Aldrich) for 2 h at 37°C.

Statistical analysis {#s0004-0010}
--------------------

Data were analyzed using GraphPad Prism (version 6; GraphPad Software, La Jolla, CA), and *p* \< 0.05 was considered significant.
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